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Understanding residential electricity daily demand profiles is important for planning future 
generation and transmission infrastructure. Rapidly reducing costs are driving the uptake of a 
variety of new household appliances that could have a significant impact on these profiles. This 
report presents the results of a study exploring the potential impact of new appliances on daily 
residential profiles based on a limited dataset. 
 
The household appliances with the most potential to have an impact on future residential 
electricity use are: 
• Rooftop photovoltaic panels 
• Batteries 
• Electric vehicles 
• Smart hot water cylinders 
• Heat pumps 
 
In this report, we will investigate in turn how each of these appliances might affect household 
demand profiles. This investigation is based on detailed residential demand data collected in the 
GREEN Grid project [1,2]. In this project, we monitored 42 houses located in the North island 
over a multi-year period using GridSpy [3] monitoring equipment – we refer to this as the 
GridSpy dataset. Critical to the current study, the circuit-level monitoring in the dataset enables 
us to determine the electricity demand of a number of key household appliances. To investigate 
the potential impact of the appliances listed above, we artificially add or subtract electricity 
demand from these appliances to total residential demand. Two energy storage devices: batteries 
[4] and smart hot water cylinders [5] are included in the above list due to the significant impact 
they might have on load profiles, however, due to lack of information about how they will be 
operated we have not estimated their impact in detail.  
Other appliances were not considered in this report due the fact that their percentage of 
electricity demand is significantly less than those in this list and also due to lack of information 
on both future trends in appliance uptake and patterns of usage [6].  
Residential demand depends on both occupant activities and household appliances. Given the 
difficulty in predicting changes in occupant activities we will focus here on appliance trends and 
mainly carry out a simplified treatment that assumes that occupant behaviour does not undergo 
any changes. One source of trends in household appliances that is used in this report is the New 
Zealand Residential Baseline Study [7]. 
Electricity demand for a single household has significant variation but tends to display similar 
patterns when averaged over many days [25]. There is also significant variation between 
households. This variation can have important implications for low-voltage networks. However, 
the variation between houses tends to average out when measurements are aggregated over a 
number of these houses. It is this aggregated demand that is of currently of most interest for 
electricity transmission and generation [8]. Other potential impacts of new technologies on 
transmission such as, voltage changes, power factors or harmonics are not considered in this 
analysis. Note that a similar analysis of the potential impact of new technology on profiles has 
been carried out at a network level by Campbell, Miller, and Watson [9]. 
  
2. Solar Photovoltaics 
There has been a significant uptake in photovoltaic panels in NZ over the last few years (see 
Figure 1) [10]. Unlike a number of other countries, this growth has occurred without any 
government incentives. Although solar PV currently only makes up less than 1% of New 
Zealand’s total energy supply [11], local clusters of installations could have a significant impact 
on the usage profiles of local transmission networks [12]. 
 
Fig 1. Cumulative capacity of residential solar PV installations. Source: EMI website, accessed 12 
December 2017. 
Rooftop photovoltaic (PV) panels are an important technology to consider for this study due to 















































































































excess generated power back into the transmission grid. Assuming that households do not 
significantly change demand to increase their self-consumption of the electricity generated from 
their PV we can model the impact of PV on profiles by simply subtracting the electricity 
generated by a PV panel from total residential electricity demand. The case of shifting demand 
(which is economically favourable in New Zealand [16]) is considered in Sec.5 
Figure 2 shows the average daily profile for an individual house with and without rooftop solar 
PV. These figures show average net demand with PV going negative in the middle of the day, 
representing net generation. Note that in summer the longer sunshine hours result in the PV 
reducing the evening demand peak. In contrast, in winter, the combination of higher peak 
demand and shorter sunshine hours results in a 5kW variation between the middle of the day and 
the morning peak and a 3kW variation with the evening peak. 
 
Figure 2: Daily average electricity demand for an individual house 
with and without solar PV in summer (top) and winter (bottom). 
 
The high demand peaks shown for an individual house tend to average out over many houses. 
Previous results show that 20–30 houses are sufficient to average over individual household 
variation [23]. In Figure 3 we show the result of aggregated demand over 32 houses for different 
levels of PV penetration. The figures show that at 50% penetration the demand becomes negative 
in summer. In addition, at 100% PV penetration there is a 2.5 kW/house variation between the 
morning peak and midday in summer and more than a 3 kW/house variation in winter. 
In these examples, the demand data was taken from monitored houses based in Hastings and 
New Plymouth during the period from May 2015 to May 2016. The PV generation data was 
taken from a monitored PV installation in New Plymouth during the same period [1,2]. This 
generation data has been scaled to the size of a typical household PV installation of 3.5 kW [10]. 
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Figure 3: Daily average electricity demand per house 
(aggregated over 32 houses) with and without solar PV in 
summer (top) and winter (bottom). 
 
3. Batteries 
Electric energy storage is poised to become an important element of the electricity infrastructure 
of the future [12–15]. The storage opportunity comes from the numerous and potentially 
complementary benefits associated with storage. For example, a recent report by the Rocky 
Mountain Institute proposed thirteen distinct electricity services that “behind the meter” energy 
storage could provide [4].  
Due to the range of possible uses, the effect of batteries on residential demand profiles is difficult 
to predict. Much of the early use of batteries could come from attempting to maximize self-
consumption of solar PV [16]. It would be valuable to investigate this scenario in future work. 
4. Electric Vehicle charging 
There has been a large growth in electric vehicle (EV) sales in New Zealand over the last few 
years.  As of November 2017, there were 5800 electric vehicles and plug-in hybrids in the New 
Zealand fleet [17]. To reduce transport carbon emissions, the NZ government has set a target of 
increasing the number of EVs to 64,000 by 2021.  
 
Charging of EVs generally occurs overnight. A standard slow charge draws approximately 2 kW 
of power and can charge for 4–6 hours [18]. This represents a significant household demand. So, 
although, it will be a number of years before the total number of electric vehicles become 
significant due to the slow turnover of the transport fleet, potential clustering effects where there 
are many EV owners on one street, could result in EV charging having a significant effect on 
residential demand profiles. 
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First, we consider a scenario where electric vehicles are plugged in to charge straight after 
members of the household return home from work at about 6pm. Figure 4 shows the resulting 
demand profile of an individual house with and without an EV. In this scenario, we have 
assumed a Gaussian distribution of charging start times with a mean of 6pm and a standard 
deviation of 20 minutes. The duration of charge varies from 4 to 6 hours. This scenario 
effectively doubles the demand within the evening peak in both summer and winter and also 
broadens this peak into late evening. 
  
Figure 4. Daily average electricity demand for an individual 
house with and without and EV in summer (top) and winter 
(bottom). Charge after work scenario. 
 
In Figure 5 we show the result of aggregated demand over 32 houses for different levels of EV 
penetration. The figures show that under this scenario, at 50% penetration the evening peak will 
increase by 1 kW/house and at 100% by 2 kW/house. In addition, 100% penetration would 
require a ramp-up rate of 4 kW/house over 2 hours in the evening. 
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Figure 5. Daily average electricity demand per house (aggregated over 
32 houses) with and without solar PV in summer (top) and winter 
(bottom). Scenario in which EVs are fully charged after work. 
 
A second charging scenario is also considered. As many electricity retailors offer a reduced night 
rate tariff a potentially popular scenario would be to have the EV charger come on at the start of 
the night rate tariff. Results of this scenario a shown in Figure 6 and 7. In this scenario we again 
assume Gaussian distributed start times with a mean of 11pm and a standard deviation of only 5 
min (as it is assumed the chargers are on a timer).  In this case, the additional EV demand has 
been shifted outside of peak times. However, the coincidence of charging start times has created 
a very sharp increase in demand at 11pm. This suggests that more sophisticated charging and 
controlling schemes are required to deal with high penetrations of EVs. 
 
Note that the above results correspond to the slowest rate of charging. Most households can 
charge at twice this rate, i.e. 4kW, with only minor electrical socket changes. This will cause a 
doubling of all the peak rates shown in Figure 4, 5, 6 and 7.  
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Figure 6. Daily average electricity demand for an individual house with and 
without an EV in summer (top) and winter (bottom). Scenario in which EVs 
are fully charged on the night rate. 
 
 
Figure 7. Daily average electricity demand per house (aggregated over 
32 houses) with and without an EV in summer (top) and winter 
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5. Smart Hot Water Cylinders 
 
Due to their energy storage capability, the potentially significant impact of batteries on demand 
profiles has been discussed in Sec. 3. Another energy storage device already installed in many 
homes is a hot water cylinder. These typically account for around one third of the household’s 
energy demand [19], and due to the significant thermal storage capacity of water can be used to 
store hot water for later use and therefore have the ability to shift demand. Direct load control of 
hot water cylinders has been used in New Zealand since the 1930s [20]. However, with the 
advent of smart controllers, there are now many more potential options for using hot water 
cylinders to shift electricity demand [5]. 
Due to range of possible control scenarios it is difficult to determine the impact of smart control 
scenarios on household demand profiles. Here we consider one example to demonstrate the 
possible implications for demand profiles.  
 
As discussed in Sec. 2, the lack of incentives for PV in New Zealand means that it is 
economically beneficial for a solar PV owner to try and maximize the self-consumption of the 
electricity that they generate [16]. One method of doing this is to simply put their hot water 
cylinder on a timer so that the element does not come on until 10am, when solar generation is 
most likely. This scenario is shown in Figure 8. The right-side figure shows hot water being 
controlled to coincide with the solar peak. 
 
 
Figure 8. Average end-use breakdown for an individual house with and without 
controlled hot water compared to solar generation peak (dashed line). 
 
Figure 9 shows the impact of this scenario on the daily profile of an individual house. Notably, 
with the right timing of the hot water cylinder it may be possible to reduce the impact of negative 
demand. In addition, the shifting of hot water demand out of the morning and evening peaks 
leads to a significant reduction in overall demand. This shows that increased self-consumption 
could potentially be beneficial to the network. It would be useful to investigate the impact of this 
principle aggregated over a large number of households.  
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Figure 9. Average daily electricity demand for a household with PV 
with (solid line) and without (dashed line) controlled hot water. 
6. Heat Pumps 
Space heating appliances in New Zealand houses have changed and diversified over the 
decades. Estimates of historical (before 2015) and projected (after 2015) stocks of space 
conditioning are show in Figure 10 [7]. The two main sources of space conditioning are heat pumps 
and electric resistive heaters. Figure 10 shows that between 2005 and 2015, increasing numbers of 
electric resistive heaters are being replaced by heat pumps. The number of heat pumps is projected 
to continue increasing between now and 2030, exceeding one million heat pump units in 2018 [7].  
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Figure 10: New Zealand’s space-conditioning stock. Source: Residential Baseline 
Study, 2015. 
 
The increase in appliances is associated with a subsequent increase in electricity consumption. 
As shown in figure 11, there has been a 6-fold increase in the electricity consumption of heat 
pumps since 2000 [7]. Between now and 2030, electricity consumption from electric resistive 
heaters is projected to be stable while electricity consumption from heat pumps is projected to 
slowly increase. 
 
Figure 11. New Zealand’s electricity consumption for space-conditioning. 
Source: Residential Baseline Study, 2015. 
 
A new issue associated with increased heat pump uptake in New Zealand is that the majority of 
devices can be used for cooling, as well as heating. This could result in an increase in space 
conditioning electricity consumption during summer evenings [21]. 
 
The typical usage pattern of heat pumps in the GridSpy data is shown in Figure 12. This shows 
usage localized to winter mornings and evenings [22].  
 
Figure 12: Heatmap of average heat pump electricity demand usage during 
one-hour intervals over the year  
 
Heat pumps are predicted to continue to displace other forms of space heating into the future. In 
the GridSpy dataset, the demand of electric resistive heaters is combined with other loads. It is 
therefore not possible to simulate their replacement by heat pumps. However, the above 
predictions show electric resistive heaters to remain largely static in the future. We therefore focus 
on investigating the replacement of non-electric heating appliances with heat pumps. To do this 
we selected 10 houses from the GridSpy dataset that have heat pumps on an individual circuit and 
also have a full year worth of data [22]. We then consider the total demand profile of these houses 
with and without the heat pump demand. In the case without a heat pump we assume that space 
heating is provided via a non-electric source.  
 
Figure 13 shows a comparison of the two daily profiles for an individual house. The summer 
profile shows no change while the winter profiles shows increases of about 1.5 kW in the morning 
and evening peaks in line with the data shown in Figure 12. Figure 14 shows the demand per house 
aggregated over the 10 houses with different levels of heat pump penetration. The summer profile 
shows no measurable effect, however in winter the morning peak is 1 kW/house greater in the case 
of 100% penetration vs 0% penetration. It is important to note that for this selection of houses the 
winter peaks without heat pumps are significantly higher than the summer peaks, suggesting the 
presence of other forms of electrical heating. Note also that 100% penetration in the current context 
is simply the currently installed heat pump appliances in the 10 houses we are investigating. It is 
possible that the number of appliances can increase beyond this by the installation of heat pumps 
in other areas of the house, for example. However, appliance stock statistics show that on average 
there are currently approximately 0.5 heat pumps per house and that there is only a slow growth 
beyond this up until 2030 [7].  
 
 
Figure 13. Daily average electricity demand for an individual house with 
and without a heat pump in summer (top) and winter (bottom).  
 
7. Conclusion 
In this report we have investigated the effect a number of important new household appliances 
and changing patterns of device use may have on daily residential demand profiles. The results 
show a significant effect at high levels of penetration of new technologies.  For example, high 
penetration of PV and EV both increase the daily variation of aggregated demand by 2 kW per 
house. It is critical that the potential impact of these technologies is taken into account in 
planning future power grid infrastructure. Demand flexibility measures could play an important 
role in avoiding the need to deploy new infrastructure to handle increasing device use. Energy 
storage such as stand-alone batteries, smart hot water cylinders, and also vehicle-to-grid 
scenarios with EVs could play a significant role in this. 
This investigation was based on a restricted data set that was not representative of the whole of 
New Zealand [22]. The results that are presented should be considered with this in mind. Future 
analysis of demand profiles would benefit from a data set specifically designed to provide a 
representative coverage of New Zealand’s diverse housing stock. More investigation of the 
potential role of energy storage is also necessary, due to its potentially significant affect. The 
focus of this work has been winter and summer daily averages; further investigation of the power 
variations within a day, from, for example, sudden cloud cover of a PV panel, would also be of 
value. 
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Figure 14. Daily average electricity demand per house (aggregated over 
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